Introduction
Hot planets, cool stars and high temperature industrial processes have molecules (and temperatures) of interest in common. NH 3 is one such molecule.
In smoke stacks NH 3 is used post-combustion to convert highly reactive nitrogen oxides (NOx) into free nitrogen and water vapour through selective catalytic and non-catalytic reduction (SCR and SNCR) [1] . This process must be monitored closely as any un-reacted NH 3 , referred to as 'ammonia slip' [2] , can cause fouling and corrosion of downstream components and contamination of fly ash [3] . NH 3 is also used throughout the chemical industry, its most important use being for the production of nitric acid [4] .
From an astronomical perspective NH 3 has been detected in multiple environments. Cool environments include nearby molecular cloud MBM 12 [5] , the comae of comet 10P/Tempel 2 [6] , and solar system planets [7] . The presence of NH 3 in the atmospheres of Neptune and Jupiter suggests that it is also likely to be present in the atmospheres of extrasolar giant planets [8] . Hot environments include brown dwarfs (see for example [9] ). NH 3 is a significant source of opacity in the infrared spectra of late type T dwarfs, see for example [10] , and is expected to be even more important in recently discovered Y dwarfs [11, 12] . In fact NH 3 features identified in the near-infrared spectrum of a T dwarf played a significant role in the justification of the Y spectral class [10, 11] .
The conditions, chemical reactions and gas mixing in industrial processes involving combustion can be monitored by in situ measurements of gas temperature and composition. This can be done spectroscopically, though the result is highly dependent on the quality of reference data [13] . Analysis of brown dwarfs and other such objects using model atmospheres also requires reliable line lists [10] .
A hot variational line list for NH 3 called BYTe is available [14] and has been proven to be an effective tool for the analysis of the tetraatomic molecules' spectrum [15] . BYTe is a variationally computed line list for hot NH 3 that covers the range 0-12,000 cm À 1 and is expected to be fairly accurate for all temperatures up to 1500 K (1226 1C). It comprises 1,138,323,251 transitions constructed from 1,373,897 energy levels lying below 18,000 cm À 1 . It was computed using the NH3-2010 potential energy surface [16] , the TROVE ro-vibrational computer program [17] and an ab initio dipole moment surface [18] . However there is motivation to improve the present line list, which in particular is known to be less accurate for higher frequency transitions [19] [20] [21] . During the data analysis presented below we note some frequency shifts and some systematic underestimation of intensities for strong lines in the BYTe lines in comparison to experiment (see Section 4.2). Assigned high resolution laboratory spectra are needed to refine and validate theoretical line positions and intensities.
Numerous studies have endeavoured to assign cold (for example [22] [23] [24] ) and hot (for example [25, 26, 15] ) NH 3 spectra, many of which are collected in the HITRAN database [27, 28] . This has proven to be a challenge due to the congested and complicated nature of the spectrum. A comprehensive compilation of all measured NH 3 rotational and ro-vibrational spectra can be found in a recent MARVEL study [29] . The MARVEL (measured active rotation-vibration energy levels) algorithm [30, 31] simultaneously analyses all available assigned and labelled experimental lines, thus yielding the associated energy levels. The recent study for NH 3 analysed 29,450 measured transitions and yielded 4961 accurately-determined energy levels which mostly lie below 7000 cm À 1 [29] .
High resolution emission spectra of NH 3 up to 1300 1C in the regions 740-2100 cm À 1 and 1650-4000 cm À 1 were recorded by Hargreaves et al. [32, 33] . Zobov et al. [15] analysed the first region and presented assignments for strong lines whose upper levels belong to vibrational states with band origins up to 2100 cm À 1 . The present work is complementary to these previous works, providing high resolution absorption spectra of NH 3 up to 1027 1C in the region 500-2100 cm À 1 including assignments. A proportion of these line assignments are new, of which some lines are also present but unassigned in the emission spectra. The notable advantage of our measurements is the absolute intensity scale, as emission intensities are notoriously difficult to calibrate [32] [33] [34] . This paper has the following structure. Section 2 describes the experimental setup used for the measurements. Section 3 gives an overview of the method used to calculate experimental and theoretical absorbance spectra and the assignment procedure. Section 4 comes in three parts. The experimental spectrum at 22.7 1C is compared to high resolution PNNL spectra to verify the performance of the whole experimental setup in Section 4.1. The accuracy of BYTe is assessed in Section 4.2 by a direct comparison with the experimental spectra. A summary of all assignments is presented in Section 4.3. Finally Section 5 gives our conclusions and discusses avenues for further work.
Experimental details
Measurements up to 500 1C were performed using a quartz high-temperature gas-flow cell (q-HGC) (see Fig. 1 ) validated for high resolution measurements at temperatures up to 500 1C in the ultra-violet (UV) and infrared (IR) regions [35] . This q-HGC has previously been used to measure absorption cross-sections of various gases (e.g. SO 2 ) up to 773 K (500 1C) [35] . Measurements above 500 1C were performed using a ceramic high-temperature gas-flow cell (c-HGC) (see Fig. 2 ) that has also been used by the DTU group [36] [37] [38] to study e.g. hot CO and to validate HITEMP2010 [39] for CO 2 and H 2 O respectively. This cell operates at temperatures up to 1873 K (1600 1C) [40] .
Both cells have the same basic design, three sections separated by flow windows, a fully heated central part and two partially heated buffer parts with interchangeable optical windows at the ends. The buffer parts compensate for heat losses at the ends of the sample cell so as to obtain Fig. 1 . High temperature quartz gas flow cell (q-HGC) used in the experiments. The red arrows indicate the hot reactive gases, while the blue arrows show the colder buffer gas. Reproduced from [35] . (For interpretation of the references to colour in this figure caption, the reader is referred to the web version of this paper.) a uniform temperature along the length of the central part where absorption measurements are performed. Temperature stability along the axis of the hot part of the cell has been verified using thermocouple measurements and determined to be better than 71.84 1C [35] or 7 1 1C [38] for the q-HGC and c-HGC respectively. The sample gas (e.g. N 2 þ NH 3 ) is preheated and fed into the middle part of the cell while the buffer parts are purged with carrier gas (e.g. N 2 ) or dry air taken from a purge generator. The two gas flows meet and form flow windows between the central and outer parts. Here a laminar flow sheet is established meaning the sample gas cannot reach, or react with or form deposits on, the optical windows [41] . The sample gas may still react with the internal surface of the gas cell. To minimise this the inner walls of the q-HGC are made from quartz and those of the c-HGC from high quality pure ceramic (Al 2 O 3 (99.5%)). Bottles of premixed gas mixtures, N 2 þNH 3 (1000 ppm) and N 2 þNH 3 (1%), were obtained from AirLiquid. The purity of the N 2 and NH 3 in the gas bottles was 99.1% with H 2 O being the main impurity. High purity N 2 (99.998%) has been used in reference measurements.
Further details on the q-HGC and its performance can be found in [35] . Further details on the c-HGC, its performance and a comparison with the other HGCs in the laboratory will be presented in [40] . For now the reader is referred to [38] . Fig. 3 shows a principle scheme of the optical setup for the absorption measurements. An Aligent 660 FTIR spectrometer, linearised Mercury-Cadmium Telluride (MCT) detector and an external IR light source, which is Blackbody-like (BB) at 1500 K, was used in the measurements on the q-HGC. The optical absorption path length, as confirmed by previous measurements [35] , is defined by the flow windows and has a value of 33.25 cm. In the measurements using the c-HGC an external IR light source at 1800 K was used. The absorption path length, again defined by the flow windows, has a value of 53.3 cm. In all experiments KBr windows have been used. These allow spectral measurements in the range 450-40,000 cm Fourier Transformation (FFT) and certain apodization functions. Mertz phase correction is applied. Triangular and boxcar apodization functions were used. Boxcar apodization gives narrower peaks but results in more noise in the final spectra. Both sets of calculated SB spectra were used in the final analysis to ensure consistent results.
In accordance with the discussion in [38] , measured wavenumbers were multiplied by a factor of 1.000059 to account for the linear wavenumber shift caused by beam divergence. The experimental uncertainties on absorbance measurements are estimated to be within 0.5% [38] .
Data analysis
This study used the BYTe [14] variational line list and experimental energies determined using the MARVEL procedure [29] .
Calculating experimental absorption spectra
The strategy for calculating experimental transmission spectra τ exp ðν; TÞ at a temperature T [K] and a frequency ν [cm À 1 ] follows [36] τ exp ν; T
where I gas þ BB and I gas are SB sample spectra (N 2 þNH 3 mixture) with and without signal from the BB (1500 K or 1800 K), respectively and I ref þ BB and I ref are SB reference spectra (pure N 2 ) with and without signal from the BB, respectively. In the case of q-HGC the I gas and I ref have been measured by the blocking of the light by a beamstopper at 23 1C, whereas in the case of c-HGC the moveable mirror in the BB adapter is used to redirect the light to the cold BB source. The absorption spectra are then calculated as
are the reference measurements and a 1 ( ¼ I gas þ BB ÀI gas ) are the sample measurements. Three different absorbance spectra were calculated:
where a 0 are reference measurements taken before the sample gas measurements, a 1 are the sample gas measurements and a 0 t are reference measurements taken after the sample gas measurements. A base was computed to check the baseline. Fig. 4 shows the stability of the baseline before and Fig. 3 . Experimental setup for the high-resolution measurements of NH 3 at high temperatures. Adapted from [38] .
after the sample gas measurements. 
Calculating theoretical absorption spectra
Pressure-broadened NH 3 absorption cross-sections σðν; TÞ were calculated using BYTe and the procedure laid out in [42] but replacing the Gaussian line shape with a Voigt line shape. Lorentz half-widths were estimated from the experimental spectra and with reference to measured widths compiled in the HITRAN database. A transmittance spectrum was calculated from the cross-sections, taking into account absorption path length l [cm] and NH 3 concentration c [cm 
For boxcar apodization, the ILS is a sinc function:
For triangular apodization, the ILS is a sinc 2 function:
where Λ is commonly termed the FTIR retardation and is generally defined as the inverse of the nominal resolution of the spectrometer [43] . Finally the theoretical absorption spectrum was computed as
The assignment procedure
Taking the interpreted accuracies of the measurements and BYTe into account (see Section 5), experimental and theoretical peaks were measured and coupled using python scripts to produce an initial assignment list. In cases where multiple BYTe lines corresponded to a single peak, the peak was assigned to the strongest line.
At this point in the analysis MARVEL energy levels [29] became available and were subsequently used to test the initial assignment list. Assignments associated with energy levels already determined by experiment may be verified by comparing the line position generated by subtracting upper and lower state energies.
Comparison with MARVEL frequencies led to the identification of several 'problem' BYTe state energies. These energies disagreed with the experimentally derived energies to the extent that their use generated false assignments. In these cases the first step of the assignment procedure was repeated with MARVEL line positions and BYTe intensities to generate intrinsically verified assignments. This is known as trivial assignment.
Any assignments that could not be verified but were not disproved by the comparison to MARVEL line positions were kept as proposed assignments. The reliability of these assignments is discussed in Section 4.3.
A list of all verified and proposed assignments, the final assignment list, was then compared to previous studies, namely those catalogued in the HITRAN database [28] and Zobov et al.'s high-temperature study [15] .
Results and discussion
The absorption measurements were performed at temperatures of 22.7, 300, 400, 500 and 1027 1C for the NH 3 volume concentrations of 1000 ppm (22.7), 0.5% (300, 400) and 1% (300, 500, 1027). The measurement at 22.7 1C was compared to a high resolution PNNL spectrum while the measurements at 300, 400, 500 and 1027 1C were used to test the accuracy of BYTe then analysed using BYTe to generate an assignment list for the data. The absorption spectra, a composite peak list (partially assigned) for the spectra measured at 1027 1C and new energy level information derived from the assignments are presented in Supplementary Data.
High-resolution measurements at 22.7 1C
The PNNL database [44] provides high quality reference cross sections for vapour phase infrared spectra obtained using FTIR spectroscopy and pure chemicals. For the data, calculated positional (wavenumber, cm The experimental spectrum at 22.7 1C (only one NH 3 concentration) was scaled to the path length of the PNNL spectrum before comparison.
As is illustrated in Fig. 6 there is an excellent agreement between our measurements and the PNNL data, although our data are a little noisy because of the low signal level on the detector and the low NH 3 concentration. The measurements at 22.7 1C have been done in order to compare the current results with available data obtained with about the same class FTIR and (indirectly) check the performance of the whole system (i.e. gas mixing system, gas cell and optical setup). 
Direct comparison with BYTe
Since BYTe is designed to be used for all temperatures up to 1500 K (1773 1C) [14] , it should be ideal for modelling FTIR spectra measured at temperatures of 1027 1C and below. However before proceeding with the analysis it is pertinent to assess the accuracy of the line list. Experimental vs theoretical absorption spectrum at 500 1C for the whole region (500-2100 cm À 1 ) is shown in Fig. 7 . In general, taking into account experimental noise, there is good agreement. However taking a closer look at the region 1083-1106 cm À 1 where the experimental noise is relatively low ( o0:01 absorbance) suggests that BYTe is underestimating strong line intensities (by up to 30 %) ( . This is consistent with the expected accuracy of the line list [14] . Although it is possible to work with this accuracy it did lead to some false assignments in dense regions, which were identified and corrected partway through the study when the MARVEL results became available. The accuracy of BYTe intensities appears to vary with the strength of individual lines. As such experimental lines were coupled to BYTe lines within 0.5 cm À 1 using intensity thresholds 30%, 20% and 40% for strong ( 4 0:4 absorbance), medium (4 0:1 absorbance) and weak ( o 0:1 absorbance) lines respectively.
Assignments
Out of 4309 measured experimental peaks 1967 lines have been assigned: about half of these lines are present in HITRAN. The remaining peaks either did not correspond to a BYTe line within the set wavenumber and intensity thresholds or corresponded to multiple BYTe lines with roughly equal contribution to the total intensity such that it could not be confidently assigned. The partially assigned 1027 1C peak list is presented as Supplementary Data to this paper.
The comparison with previous studies, namely high temperature study [15] and studies compiled in the HITRAN database [28] , is shown in Table 1 . Of the 851 newly assignment lines, 482 were also present, but unassigned, in [15] .
Only 525 of the proposed assignments have the potential to provide new energy level information as, by definition, the upper and lower states of the MARVEL verified assignments are known experimentally. Hence this makes these proposed assignments the most interesting. For proposed assignments with an experimentally known lower energy state, energies for the upper state were computed using MARVEL energies and the frequency of the strongest assigned transition to that state. These are presented as Supplementary Data to this paper.
Lines were assigned to a large number of different bands including bending hot bands up to 5v 2 . While being unexpected this is not entirely surprising, as a detailed analysis of hot (1000-1500 1C) H 2 O spectra [45] [46] [47] produced similar results. Table 2 gives a summary of the observed bands including the number of lines assigned to each and, if the band was observed for the first time in this work, whether this number includes trivial assignments. For simplicity abbreviated vibrational labels
4 i) are used to identify bands in this table and only the highest value of the rotational quantum number J assigned in this work for each band is indicated. The full 26 quantum labels for each transition, 13 per vibration-rotation state as recommended by Down et al. [27] , are given in the Supplementary Data.
Our 1027 1C spectrum of certain previously observed bands, such as 2v 2 and v 1 4 , has some higher J transitions than previously reported. For these MARVEL energies were used to provide a guideline observed-calculated difference to facilitate reliable line list (proposed) assignments beyond the known J values using the method of branches [48] .
17 bands have been observed for the first time in this work, although some of the energy levels involved are experimentally known from measurements of other bands.
If many lines ð 4 10Þ were assigned to a new band, we were able to track observed-calculated differences through the band. As these remained relatively stable we have confidence in our assignments. Furthermore if a subset of the assignments were trivial we were able to use the same technique as for previously observed bands to ensure our proposed assignments were sensible.
New bands to which only a few assignments could be made are more tentative.
Summary
High-resolution absorption measurements of NH 3 in the region 500-2100 cm À 1 at atmospheric pressure and temperature of 300, 400, 500 and 1027 1C have been reported and analysed. A comparison of the measurements at 22.7 1C with the composite NH 3 spectrum from the PNNL database shows excellent agreement. A comparison between the measurements and BYTe shows in general good agreement though there are some shifts in line position (up to 0.5 cm À 1 ) and BYTe has some difficulty reproducing strong line intensities. Work towards a new NH 3 line list is currently being carried out as part of the ExoMol project [49] . The use of BYTe and MARVEL has allowed the assignment of 1967 lines. 1116 lines were previously assigned, 1073 by studies included in the HITRAN database and an additional 43 by high temperature study [15] . 851 lines have been assigned for the first time in this work, 482 were also present but unassigned in the spectra analysed by [15] . The 326 new assignments verified by comparison with MARVEL energy levels, also known as trivial assignments, are secure as the accuracy of MARVEL energies is at least 10 À 4 . Of the 525 proposed assignments, those associated with bands which have verified assignments in this work or numerous assignments should be reliable because the observed-calculated differences remain relatively stable within a given band. The remaining assignments should also be valid, as the method used in this work has proven to be effective at generating valid assignments and reproducing previous work. However caution is advised on the basis that an accuracy of 0.5 cm À 1 in line position (the accuracy of BYTe) does not rule out miss-assignments. The NH 3 spectrum between 500 and 2100 cm À 1 has now been comprehensively studied using both hot emission [15] and hot absorption (this work) spectra. It is the intention of the authors to perform a similar analysis for high resolution absorption measurements of NH 3 in the region 2100-5500 cm À 1 and potentially the hot emission spectra in the 1650-4000 cm −1 region presented by
Hargreaves et al. [33] which, to the best of our knowledge, has yet to be analysed. a VBO of 0 þ is set to 0.000000 cm À 1 in line with the MARVEL study [29] .
